NORK in legumes encodes a receptor-like kinase that is required for Nod factor signaling and root nodule development. Using Medicago truncatula NORK as bait in a yeast two-hybrid assay, we identified 3-hydroxy-3-methylglutaryl CoA reductase 1 (Mt HMGR1) as a NORK interacting partner. HMGR1 belongs to a multigene family in M. truncatula, and different HMGR isoforms are key enzymes in the mevalonate biosynthetic pathway leading to the production of a diverse array of isoprenoid compounds. Testing other HMGR members revealed a specific interaction between NORK and HMGR1. Mutagenesis and deletion analysis showed that this interaction requires the cytosolic active kinase domain of NORK and the cytosolic catalytic domain of HMGR1. NORK homologs from Lotus japonicus and Sesbania rostrata also interacted with Mt HMGR1, but homologous nonsymbiotic kinases of M. truncatula did not. Pharmacological inhibition of HMGR activities decreased nodule number and delayed nodulation, supporting the importance of the mevalonate pathway in symbiotic development. Decreasing HMGR1 expression in M. truncatula transgenic roots by RNA interference led to a dramatic decrease in nodulation, confirming that HMGR1 is essential for nodule development. Recruitment of HMGR1 by NORK could be required for production of specific isoprenoid compounds, such as cytokinins, phytosteroids, or isoprenoid moieties involved in modification of signaling proteins.
INTRODUCTION
The symbiosis between leguminous plants and bacteria collectively named rhizobia leads to the formation of nitrogen-fixing root nodules. Depending on the host plant, nodules can be of determinate or indeterminate type, for which Lotus japonicus and Medicago truncatula have been selected as models, respectively. The first interaction between rhizobia and the host plant occurs at the root hair level in a restricted root zone that is competent for nodulation. Rhizobia attach to the root hair tip that curls and entraps the bacteria, which then enter the root hairs through the formation of infection threads. Infection threads progress through epidermal cells and reach the root cortex. Meanwhile, cortical cells dedifferentiate and start to divide leading to the formation of a nodule primordium. During the differentiation of an indeterminate nodule primordium, an apical nodule meristem is established (nodule zone I). Postmitotic cells exiting from the meristem continually become infected by rhizobia via budding of the infection threads into organelle-like structures called symbiosomes. Infected cells differentiate along several cell layers of the so-called nodule zone II until they reach their fully differentiated and nitrogen-fixing state in zone III.
Initiation and development of nodules is mediated by signal exchanges between the host plant and its rhizobial partner. This molecular dialog controls the specificity of the interaction, nodule organogenesis, and the infection process. The earliest signals are flavonoid and isoflavonoid molecules produced by the host plant. Interaction of these plant signals with rhizobial NodD transcription factors activates the expression of rhizobial nodulation genes, which leads to the production of bacterial lipochitooligosaccharidic signals named Nod factors. Perception of Nod factors by the host plant induces many early events related to infection thread formation and primordium development (D'Haeze and Holsters, 2002) .
In recent years, forward genetics and map-based cloning approaches have identified major components of the Nod factor signaling pathway in M. truncatula and L. japonicus (for review, see Stacey et al., 2006) . Receptor-like kinases, such as Lj NFR1, Lj NFR5, or Mt NFP, with chitin binding LysM motifs in their extracellular domain are most likely the receptors for the chitinlike Nod factors since the corresponding mutants do not show any response to Nod factors Radutoiu et al., 2003; Arrighi et al., 2006; Smit et al., 2007) . Immediately downstream of these Nod factor receptors, another receptor-like kinase known as NORK (also called Mt DMI2 or Lj SYMRK) is essential for transmitting the Nod factor signal (Endre et al., 2002; Stracke et al., 2002) . Downstream of the Nod factor receptors and genetically unresolved from NORK, putative ion channels known as Mt DMI1, Lj POLLUX, and Lj CASTOR are required for the release of Ca 2þ ions from internal stores (Ané et al., 2004; Imaizumi-Anraku et al., 2005) . The Ca 2þ fluxes take the form of spikes (periodic peaks and valleys of Ca 2þ concentrations) in the perinuclear and nuclear regions (Ehrhardt et al., 1996) . Ca 2þ spikes are believed to be interpreted in the nucleus by a calcium/calmodulindependent protein kinase known as DMI3 (Lé vy et al., 2004; Mitra et al., 2004; Tirichine et al., 2006) . Finally, the activated calcium/ calmodulin-dependent protein kinase stimulates NSP1, NSP2, and NIN transcription factors, which leads to changes in expression of symbiotic genes (Schauser et al., 1999; Kaló et al., 2005; Smit et al., 2005; Marsh et al., 2007) .
This cell-autonomous or autocrine pathway operates in root hair epidermal cells that are directly receiving the Nod factor signal. However, Nod factors also trigger long-distance responses in the cortex leading to cell divisions (paracrine signaling), which are likely generated by secondary signals after Nod factor perception in the root hairs. Physiological data have implied cytokinins in the induction of nodule-specific gene expression and cortical cell divisions (Cooper and Long, 1994; Bauer et al., 1996; Fang and Hirsch, 1998; Mathesius et al., 2000) . Using a cytokininresponsive promoter controlling a marker gene, it was shown that the endogenous cytokinin levels increase in Rhizobiumstimulated root hairs and nodule primordia (Lohar et al., 2004) . Genetic evidence for the role of cytokinin was provided recently, demonstrating that a His kinase cytokinin receptor is required and sufficient to induce cortical cell divisions and the establishment of a nodule primordium (Gonzalez-Rizzo et al., 2006; Murray et al., 2007; Tirichine et al., 2007) . These findings suggest that Nod factors generate a localized production of cytokinins that could act as secondary signals for nodule primordium formation. However, it remains unclear how Nod factors stimulate cytokinin production.
Forward genetics approaches have been fruitful in the study of Nod factor signaling in legumes. Nevertheless, the nodulation process (especially the Nod factor signal transduction pathway) probably interacts with other pathways necessary for general cellular functions and plant development. Such interactions may be difficult to identify through genetic screens since mutations affecting such processes may be lethal or lead to severe pleiotropic phenotypes. On the other hand, genes with redundant functions are rarely identified by such approaches.
In this study, we aimed to identify novel elements of the Nod factor signal transduction pathway, focusing on the receptor-like kinase NORK (Endre et al., 2002; Stracke et al., 2002) . NORK possesses an extracellular sensor domain with three Leu-rich repeats generally involved in protein-protein interactions and an NSL domain (NORK extracellular-sequence-like) with unknown function, a transmembrane domain, and an intracellular kinase domain. No ligands of NORK have been identified so far. In response to purified Nod factors or rhizobia, NORK null mutants are unable to elicit calcium spikes, nodulin gene expression, or cortical cell divisions Wais et al., 2000; Esseling et al., 2004) . Knocking down NORK expression by RNA interference (RNAi) in M. truncatula and Sesbania rostrata revealed that NORK is essential not only for epidermal functions but also for the release of bacteria from infection threads and symbiosome formation (Capoen et al., 2005; Limpens et al., 2005) . In line with these observations, NORK expression was detected in the infection zone of M. truncatula nodules (Bersoult et al., 2005; Limpens et al., 2005) . In this region, the NORK protein was localized to the plasma membrane and to the infection thread membrane (Limpens et al., 2005) .
To gain insight into NORK function, we searched for proteins that interact with it. Using yeast two-hybrid (Y2H) screenings and immunoprecipitations, we identified 3-hydroxy-3-methylglutaryl CoA reductase 1 (Mt HMGR1) as a specific interactor of the NORK kinase domain. We show that this enzyme is crucial for nodule development. Our data couple the production of isoprenoid compounds (such as cytokinins and steroids) to Nod factor signaling and thus provide critical information toward understanding the function of NORK in symbiotic signaling and nodule development.
RESULTS

The M. truncatula NORK Protein Interacts with an HMGR
To identify interacting partners of NORK, Y2H screenings were performed with the extracellular 540 amino acids from the N terminus and the intracellular 383 amino acids from the C terminus domains of NORK using a Y2H cDNA library made of young nodules and roots of M. truncatula line R108 (Gyö rgyey et al., 2000) . Interactions were tested in repeated experiments under stringent selective conditions. Screenings with the extracellular domain of NORK did not result in the identification of interacting clones. By contrast, screenings with the intracellular domain (NORK-IC) revealed three independent positive clones. Each of them corresponded to the same HMGR gene that we named Mt HMGR1. These three clones were partial but overlapping and provided similar yeast growth under stringent selective conditions.
HMGRs are conserved enzymes of the mevalonate pathway and control the biosynthesis of diverse isoprenoid compounds in eukaryotes. The C terminus of HMGRs contains a catalytic domain, which allows a NADPH-dependent reduction of 3-hydroxy-3-methyl-glutaryl-CoA into mevalonic acid. This catalytic region was present in the three yeast clones that were identified. The longest clone (HMGR1DN), encoding 379 amino acids, was used to verify the NORK-IC-HMGR1 interaction. It was confirmed both in yeast by pairwise two-hybrid interactions and also by coimmunoprecipitations of the proteins from extracts of Arabidopsis thaliana protoplasts. In the latter case, the Mt HMGR1DN and NORK-IC sequences were cloned under the control of a cauliflower mosaic virus 35S promoter and tagged with different epitopes. An N-terminal 3HA tag was added to NORK-IC, while HMGR1DN was fused to the green fluorescent protein (GFP) and a c-Myc epitope (GFP-MYC tag) in the C terminus. HA-NORK-IC, HMGR1DN-GFP-MYC, and the GFP-MYC and HA-GFP control constructs were expressed transiently in Arabidopsis protoplasts. The presence of tagged proteins in the transfected protoplasts was verified by protein gel blot analysis. GFP was produced in high, HMGR1DN-GFP-MYC in medium, and HA-NORK-IC in lower amounts (Figure 1, top panel) . To test the interactions, coexpressed or mixed protein extracts were immunoprecipitated with a mouse anti-HA antibody and separated by SDS-PAGE. The presence of c-Myc-tagged proteins was revealed with an antic-Myc antibody by protein gel blot analysis (Figure 1, bottom panel) . In all samples, the heavy and light chains of the anti-HA antibody used for immunoprecipitation were detectable as background signals due to their cross-reactivity with the secondary antibody. Nevertheless, the interaction between HA-NORK-IC and HMGR1DN-GFP-MYC was clear and specific, as no signal was observed between HA-NORK-IC and GFP-MYC or between HA-GFP and HMGR1DN-GFP-MYC. Consequently, we demonstrated in two independent experimental systems that NORK-IC interacts with the catalytic domain of HMGR1.
HMGRs Are Encoded by a Multigenic Family in M. truncatula
The number of genes encoding HMGRs varies significantly among plant species. The NORK-IC interacting partner isolated by Y2H derives from the R108 ecotype of M. truncatula. However, the ongoing genome-sequencing program uses the Jemalong A17 reference line. Homology searches in EST and genomic databases of M. truncatula allowed the identification of seven distinct homologs of Mt HMGR1 in Jemalong A17. Five of them are fulllength sequences (Figure 2 ), and two of them are partial ones (data not shown). Since the genome sequence has not been completed, M. truncatula may contain even more HMGR genes. Although the catalytic domains are well conserved in the five complete HMGR sequences, significant variations in enzymatic function are possible due to the presence of nonhomologous amino acid replacements in the catalytic domains (Figure 2 ). Unlike mammalian HMGRs, which have eight N-terminal membranespanning domains, M. truncatula and other plant HMGRs only have two transmembrane domains. These two domains and the linker between them are well conserved among Mt HMGR isoforms, but the N terminus and the linker between the second transmembrane domain and catalytic domain are highly variable. Based on homology scores and phylogenetic analysis, a single sequence of Jemalong A17 (TC106633) corresponded to Mt HMGR1 of R108. This Jemalong A17 sequence was used for subsequent studies.
NORK Interacts Specifically with the HMGR1 Isoform of the Multigenic HMGR Family
Since the highly conserved catalytic region of HMGR1 interacted with NORK-IC, we tested whether the binding is specific for HMGR1 or occurs with other members of the Mt HMGR family. Interaction of NORK-IC with the catalytic domain of the five fulllength Jemalong HMGR proteins was tested by pairwise Y2H assays ( Figure 3A) . Despite the strong conservation of HMGR catalytic domains, the strength of interactions was remarkably different with the HMGR isoforms. Similarly to HMGR1 from R108, HMGR1 from Jemalong showed strong interaction with NORK-IC as yeast growth was confluent within 3 d, while no yeast growth was observed in the other pairwise interactions. After 6 d, however, yeast growth was also observed in the presence of HMGR2 (represented by EST contigs TC106634 and TC106637) and in a lesser extent in the presence of HMGR3 (TC106632 and TC106636), indicating that these Mt HMGR isoforms may bind weakly to NORK-IC. By contrast, HMGR4 (TC106631) and HMGR5 (TC106635) did not show any interaction with NORK-IC. In our Y2H system, interaction of tested proteins also activated the expression of a lacZ reporter gene. Therefore, the strength of interactions was measured through the b-galactosidase activity of yeast colonies ( Figure 3A ). Consistent with the yeast growth, the activity was high in the presence of HMGR1 and low in the case of HMGR2 or HMGR3. No b-galactosidase activity was measured in yeasts expressing HMGR4 or HMGR5. Thus, these results point to a specific interaction between Mt NORK-IC and HMGR1 in the Y2H system.
The N-Terminal Half of the Mt HMGR1 Catalytic Region Is Sufficient and Specific for Binding to Mt NORK and Its Putative Orthologs from Other Legumes
To delimit the protein regions responsible for the interaction between NORK and HMGR1, deletion derivatives of both proteins were created ( Figure 3B ) and tested in the Y2H system in pairwise interactions ( Figure 3C ). The 39 deletions in HMGR1DNDC1, reducing the 379-amino acid region from the C-terminal part to 280 or 181 amino acids, had no effect on binding, demonstrating that the NORK binding site resides within the N-terminal part of the catalytic domain. The NORK-IC contains 383 amino acids from the C terminus of NORK. Separating this region into two overlapping halves, one containing 228 N-terminal amino acids and the other 266 amino acids from the C terminus, abolished the interaction with HMGR1. Thus, either a longer or the entire intracellular domain of NORK is needed for this interaction or for correct folding of the binding domain. To test whether the binding requires the NORK kinase activity, the R38 Nod À mutant allele of NORK (dmi2-4) was tested by Y2H. This mutation, a Gly-to-Glu amino acid replacement (Endre et al., 2002) converted the protein to an inactive kinase as in vitro autophosphorylation activity of the wild-type NORK kinase domain was abolished in the R38 mutant (data not shown). Using this clone, no interaction was detected with HMGR1DN, indicating that the NORK kinase activity is probably necessary for the interaction. This could either be required for substrate phosphorylation or self-phosphorylation of the NORK protein.
Subsequently, we tested whether other kinases can substitute NORK in the interaction with HMGR1DN. We chose three M. truncatula kinases (TC102886, TC103254, and TC108366) that showed the highest homologies with NORK in their kinase region at the current status of available genomic sequence. In pairwise combinations with HMGR1DN, the kinase domain of these proteins resulted in no yeast growth, indicating that HMGR1DN binds specifically to NORK-IC.
This raised the possibility that Mt HMGR1 may also bind putative orthologs of NORK from other legumes. Therefore, we cloned the intracellular regions (383 amino acids), equivalent to that of Mt NORK-IC, from L. japonicus (Lj SYMRK-IC) and S. rostrata (Sr SYMRK-IC). Although weaker than Mt NORK, both putative NORK orthologs interacted with Mt HMGR1DN in the Y2H system ( Figures 3B and 3C ), providing support for the notion that the NORK/SYMRK-HMGR1 interaction is conserved among legumes.
Expression and Subcellular Localization of Mt HMGR1
The possible interaction of NORK and HMGR1 in vivo presumes their overlapping expression patterns during nodulation. Previous works demonstrated that the Mt NORK/DMI2 gene is expressed in the root, in the nodulation competent zone, in nodule primordia, and in nitrogen fixing nodules in a few cell layers of zone II adjacent to the meristem (Bersoult et al., 2005; Limpens et al., 2005; our unpublished data) . At the subcellular level, NORK: GFP (DMI2:GFP) proteins have been localized to the plasma membrane and to the infection thread membrane (Limpens et al., 2005) .
To obtain a global view on the HMGR genes, their expression was first tested in different M. truncatula organs by RT-PCR experiments ( Figure 4A ). All five HMGR genes were expressed in roots and nodules. Mt HMGR3, HMGR4, and HMGR5 were also transcribed in the aerial organs, such as leaves, stems, and flowers at varying levels. Like NORK, expression of Mt HMGR1 and HMGR2 was restricted to the root system, where HMGR1 transcript levels were more abundant in the root than in the 
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The Plant Cell nodules. This prompted us to test and compare expression patterns of HMGR1 and NORK during nodulation ( Figure 4B ). NORK, similarly to the constitutive Mtc27 gene, was expressed at a constant level in roots, Nod factor-treated roots, and nodule primordia as well as in young and mature nitrogen fixing nodules. By contrast, expression of HMGR1 increased in Nod factortreated roots and in the nodule primordium and decayed in the nitrogen fixing nodules. NORK is expressed in the root hairs where Nod factor perception occurs and signaling events begin. Therefore, we studied expression of HMGR1 compared with NORK in isolated root hairs and in roots devoid of root hairs ( Figure 4C ). Both genes were expressed in root hairs and in roots lacking root hairs, in line with the postulated function of HMGR1 in the NORK signaling pathway. In situ hybridizations on root sections in the nodulation competent root zone confirmed colocalization of HMGR1 and NORK transcripts in the epidermal cell layer where Nod factor signaling takes place ( Figure 4D ). To determine the subcellular localization of HMGR1, the protein was fused to yellow fluorescent protein (YFP) and expressed from the cauliflower mosaic virus 35S promoter in Arabidopsis protoplasts. The HMGR1-YFP signals were found predominantly on vesicle-like structures in this system ( Figure 4E ). This localization is in agreement with the immunolocalization of At HMGR1 in Arabidopsis cells where the protein was present on uncharacterized vesicles that most probably originate from the endoplasmic reticulum (ER) (Leivar et al., 2005) .
Pharmacological Inhibition of HMGR Activity Reduces the Nodulation Efficiency
Lovastatin (mevinolin) is a potent and widely used inhibitor of HMGR enzymatic activity (Alberts et al., 1980) . To confirm the role of HMGR in nodulation, the effect of lovastatin treatment on M. truncatula nodulation was investigated. To select a maximal lovastatin concentration with minimal nonspecific effect on plant development, the growth capacity of the main root ( Figure 5A ) and formation of lateral roots ( Figure 5B ) were tested at different concentrations of lovastatin (0 to 5 mM). Lovastatin up to 0.5 mM concentrations had a negligible-to-weak effect on primary and lateral root growth. Lovastatin at 1 mM strongly modified root architecture, reducing primary root growth and stimulating lateral root formation. Lovastatin at 5 mM strongly inhibited the primary root growth, and although it induced the formation of numerous lateral root primordia, these primordia were arrested and never developed into lateral roots ( Figure 5B ).
Sinorhizobium meliloti (Sm1021), the symbiotic partner of M. truncatula, has no HMGR gene; therefore, it was unlikely that lovastatin affects its growth. Nevertheless, to exclude the formal possibility of a nonspecific effect, the growth rate of S. meliloti was measured and was found to be unaffected by lovastatin up to 5 mM ( Figure 5C ).
Nodulation of M. truncatula by S. meliloti (Sm1021) was performed in the absence and presence of lovastatin at 0.5, 1, and 5 mM concentrations. As expected, the toxic 5 mM concentration of lovastatin inhibited root growth and nodulation. Three independent experiments showed that the presence of lovastatin at 0.5 or 1 mM significantly reduced the nodule numbers ( Figure  5D ). Since 0.5 mM lovastatin did not significantly affect the root growth, this negative effect on nodulation indicates that HMGR activity is indeed required for nodule development.
RNAi of Mt HMGR1 Inhibits Nodulation
Since lovastatin is a general inhibitor of HMGR enzymes, our pharmacological studies did not specify which isoform is required for nodulation. Given the specific interaction observed between NORK and HMGR1 in the Y2H system, we studied the involvement of HMGR1 in nodulation by RNAi in transgenic hairy roots of M. truncatula ( Figure 6 ). We cloned a 226-bp 59 untranslated region of Mt HMGR1 in a pK7GWIWG2(II)-derived binary plasmid vector carrying the DsRED1 fluorescent marker resulting in the pRNAiMtHMGR1 construct. Similarly, pRNAiMtHMGR4 was created by cloning a 158-bp 59 untranslated region of the noninteracting HMGR4 gene. These plasmids, as well as the pRedRoot:GFP control plasmid (Limpens et al., 2004; Riely et al., 2007) , were introduced into Agrobacterium rhizogenes MSU440. By the transfer of the A. rhizogenes Ri T-DNA, these strains provoked the formation of transgenic hairy roots on M. truncatula seedlings. The DsRED1 fluorescent marker indicated the cotransformed roots. In two sets of experiments, >120 wild-type (Jemalong A17) plants were transformed with each construct. Hairy roots were scored for nodule formation 3 weeks after the inoculation with S. meliloti. In the first set of experiments, seven to eight nodules were formed in average on the DsRED1 À and the DsRED1 þ pRedRoot:GFP and pRNAiMtHMGR4 hairy roots (Figure 6E ). By contrast, no nodules appeared on the cotransformed transgenic roots expressing pRNAiMtHMGR1 (DsRED þ , Figure  6E ), while on the same plant, roots that were not cotransformed with pRNAiMtHMGR1 developed a comparable number of nodules as the controls (DsRED À , Figure 6E ; compare Figures 6A and 6B). In the pRNAiMtHMGR1 roots the expression of HMGR1 was reduced on average to 40% of the wild type level ( Figure 6F ). Due to the high degree of similarity of the Mt HMGR genes, we have also tested the specificity of this RNAi strategy for Mt HMGR1. The Mt HMGR1 sequence used for RNAi was the most similar to Mt HMGR2; therefore, we measured the expression level of this gene in the pRNAiMtHMGR1 background and in the DsRED1 À roots ( Figure 6F) . Since the expression level of HMGR2 was not affected by pRNAiMtHMGR1, we could conclude that the RNAi silencing was specific for Mt HMGR1 and that HMGR1 function is necessary for nodulation. In this set of experiments, the complete absence of nodulation was surprising, as one would expect with RNAi also milder effects on nodulation. By changing light intensity and humidity, we optimized the nodulation on hairy roots. Nodulation rates on wild-type or DsRED1 À roots raised from 8.1 6 2.9 nodules per root to 12.8 6 2.3 (compare Figures  6E and 6G ). Under these favorable conditions, a few nodules appeared also on the pRNAiMtHMGR1 roots (4 6 1). However, these nodules only reached the primordium state. On very rare occasions, infection threads developed. They were usually arrested early in the root hairs or in the outer cortical cells and never lead to formation of nitrogen fixing nodules. These results thus confirmed an essential role for HMGR1 in nodulation and more particularly in the infection process that was consistent with the specific NORK-HMGR1 interaction. In M. truncatula, the HMGR family is composed of at least seven members. A strong and specific interaction of NORK was detected only with HMGR1. The NORK binding domain within HMGR1 was delimited to the first half of the catalytic region. Interestingly, this region is highly conserved among other members of the Mt HMGR family. The delimited 181-amino acid region of HMGR1 required for NORK binding differs only in three amino acids from the weakly interacting HMGR2, two of which are homologous replacements (Ile-264 to Val and Ala-287 to Ser), while Leu-220 to Asn is a nonhomologous one and most likely responsible for the drastically reduced binding ability of HMGR2 to NORK. HMGR3 interacting even weaker with NORK differs from HMGR1 in seven amino acids, corresponding to three nonhomologous exchanges, Glu-180/Ser, Ser-303/Asn, Thr-315/Ile, and to four homologous ones, Arg-177/Lys, Ile-264/Val, Ala-287/ Ser, and Thr-343/Ser. In noninteracting HMGR4, there are three nonhomologous replacements, Gln-283 to Leu, Ser-303 to Asn, and Met-308 to Ile, and three homologous ones, Ile-264/Val, Ala-287/Ser, and Leu-288/Ile. The same Gln-283/Leu and Met-308/ Ile replacements are also present in noninteracting HMGR5, which possesses several other sequence differences as well. These Gln and Met residues are unaffected in the weakly interacting HMGR2 and HMGR3, suggesting that Gln-283 and Met-308 in HMGR1 are essential for interaction with NORK, while Lys-220 is crucial for the efficient binding.
DISCUSSION
Receptor-like kinases are the predominant class of cell surface receptors in plants. Their biological functions have been assigned in a wide range of processes, including development and interactions with the environment (Becraft, 2002; Morris and Walker, 2003) . Nevertheless, the signaling cascades activated by plant receptor-like kinases remain poorly or partially defined. We 8 of 16
The Plant Cell expected to obtain a signal transduction protein as an interacting partner for the NORK receptor-like kinase. Finding instead the enzyme HMGR as partner was unforeseen. However, this interaction can be meaningful for different reasons as HMGR is highly regulated, for example, by phosphorylation by kinases or by specific subcellular compartmentalization (Stermer et al., 1994; Chappell, 1995; Leivar et al., 2005) . As only the active NORK kinase showed interaction with HMGR1 in the Y2H assay, kinase activity might be required for autophosphorylation of NORK or phosphorylation of HMGR1, which may lead to inactivation of the enzyme (Goldstein and Brown, 1990) . While NORK kinase activity resulted in autophosphorylation, no phosphorylation of HMGR1 was detected in in vitro kinase assays (data not shown). Thus, binding of NORK to HMGR1 might keep HMGR1 in an active unphosphorylated form that could be critical for nodulation. On the other hand, autophosphorylation of NORK might provoke a conformation change required for the binding of HMGR1.Thus, NORK may function as a scaffold protein and attract the HMGR1 enzyme to a particular subcellular localization at the plasma membrane or infection thread membrane levels.
HMGR1 Activity Is Required for Nodulation in M. truncatula
The requirement of HMGR1 for nodulation is supported by pharmacological inhibition of HMGR activity during nodulation. Lovastatin is one of the most frequently used inhibitors of HMGRs. We showed that lovastatin at low concentrations, without visible effects on growth and development of M. truncatula, significantly reduced nodulation, confirming that nodule development indeed depends on an HMGR activity. The need for HMGR1 was further supported by RNAi experiments, which showed that an ;60% reduction in the HMGR1 transcript levels in M. truncatula roots strongly decreased nodule formation. These data collectively support a key function in nodulation for HMGR1 in a NORKdependent manner. NORK is also required for mycorrhizal symbiosis, but there is little evidence for the involvement of HMGR1 in mycorrhizal development. One indication of a possible role in mycorrhization is that Mt HMGR1 (represented by EST AW584544) is listed among genes that were transiently upregulated in the initial stages of the mycorrhizal symbiosis (Liu et al., 2003) .
Where Does NORK Interact with HMGR1?
Both NORK and HMGR1 are expressed in the root and during the early stages of nodule development. HMGR1 transcripts, like NORK transcripts, are present in the epidermal cells of the nodulation-competent root zone. These overlapping expression patterns support the notion that NORK and HMGR1 function in the same cells. NORK-GFP is plasma membrane bound (Limpens et al., 2005) . The topology of NORK, similar to other receptor like kinases, predicts intracellular localization of the kinase domain. Bacterial HMGRs are localized in the cytoplasm, whereas mammalian HMGRs possess eight transmembrane domains and are ER bound. Plant HMGRs have two transmembrane domains, and the different HMGR isoforms are believed to localize to discrete and distinct domains of the ER or ER-derived vesicles (McCaskill and Croteau, 1998; Leivar et al., 2005) . The topological model of HMGR suggests that the short stretch between the transmembrane domains is in the lumen, while the N terminus and the C-terminal catalytic domain are exposed to the cytosol (McCaskill and Croteau, 1998; Leivar et al., 2005) .
The Mt HMGR1-YFP fusion protein did not localize to known organelles in Arabidopsis protoplasts; rather, it was found on vesicle-like structures. At HMGR1 was found on similar structures by imaging of a GFP fusion protein and immunolocalization of endogenous At HMGR1 (Leivar et al., 2005) . The nature of the HMGR vesicles is undefined, but these subcellular compartments most likely originate in the ER (Leivar et al., 2005) . Thus, the localization of Mt HMGR1 could be bona fide and not an artifact of the 35S promoter overexpression of the fusion protein.
If NORK is plasma membrane associated and HMGR1 is mainly on vesicles, how do they interact? Although they are anchored in different membranes, the interacting domains of both proteins are cytosolic and could be brought together by intracellular movement of the HMGR vesicles. Mutual recognition of the binding partners might also trigger controlled fusion of the plasma membrane with the vesicles, creating specific microdomains or compartments. Such membrane fusions are fundamental in eukaryotic cells and crucial for the transfer of proteins and lipids between different compartments and for exo-and endocytosis (Battey et al., 1999) .
What Isoprenoid Metabolites Are Regulated by NORK-HMGR Signaling?
Thousands of isoprenoid compounds (derived from the common five-carbon building unit isopentenyl diphosphate and its isomer dimethylallyl diphosphate) have been identified with essential functions in many aspects of life. Cholesterol is probably the best known and most studied derivative of the isoprenoid pathway. Plants produce an exceptionally high variety of isoprenoids and isoprenoid derivatives, many of them playing key roles in plant growth and development, photosynthesis, or resistance to pests. In plants, as in bacteria, two pathways for isoprenoid biosynthesis exist (Rodríguez-Concepció n and Boronat, 2002). The mevalonic acid (MVA) pathway is cytosolic, and HMGR is considered to be the rate-limiting step. The methylerythritol 4-phosphate pathway is active in plastids. The methylerythritol 4-phosphate pathway assures synthesis of gibberellins, abscisic acid, carotenoids, and chlorophyll. Important metabolites derived from the MVA pathway, and thus under the control of HMGR, are cytokinins, phytosteroids, including brassinolins and the farnesyl, or geranylgeranyl moieties of the isoprenyl lipid protein modifications ( Figure 7A ).
In contrast with animals, plants have multiple HMGR isoforms. Their differential expression (Choi et al., 1992; Enjuto et al., 1995) , subcellular localization (McCaskill and Croteau, 1998; Leivar et al., 2005) , and mutant phenotypes (Suzuki et al., 2004) indicate that the distinct isoforms have metabolic specialization and, thus, that they may be involved in different branches of the mevalonate pathway and the production of different end products. This is likely achieved by metabolic channeling, meaning that cooperating enzymes are organized into macromolecular complexes in which biosynthetic intermediates are transferred between catalytic sites without diffusion into the bulk phase of the cell 10 of 16
The Plant Cell Mt HMGR1 in Symbiotic Signaling 11 of 16 (Chappell, 1995) . NORK interacts with HMGR1 and only weakly, or not at all, with other HMGRs. This indicates that the Nod factor signaling pathway activates or recruits a particular isoprenoid pathway. What kind of isoprenoid metabolites can be regulated by NORK-HMGR1 and involved in nodulation? Based on the metabolites of the MVA pathway and the physiology of nodule formation, we propose four alternative hypotheses. Cytokinin is produced by isopentenyl transferases from adenosine phosphate and dimethylallyl pyrophosphate, a product from the mevalonate pathway ( Figure 7A ). Therefore, cytokinin synthesis can be suppressed by lovastatin in cultured Nicotiana tabacum BY-2 cells (Crowell and Salaz, 1992) . Cytokinin is known to play a major role in nodule initiation. Cytokinin likely is produced in Nod factor-stimulated root hairs and may serve as a secondary, mobile signal to the root cortical cells. Perception of cytokinin stimulates cell division in the cortex and formation of the nodule primordium (Gonzalez-Rizzo et al., 2006; Murray et al., 2007; Tirichine et al., 2007) . Thus, it is possible that following Nod factor stimulation, the recruitment of HMGR1 by NORK in the root epidermis leads to the production of cytokinins for paracrine signaling and the stimulation of cortical cell divisions ( Figure 7B ). If HMGR1 is the isoform that promotes cytokinin synthesis, then downregulation of HMGR1 would be expected to block cell division and to inhibit nodule formation, which was indeed the case in the HMGR1 RNAi plants. On the other hand, analysis of M. truncatula DMI3 gain-of-function mutants suggests that DMI3 activity is sufficient to initiate nodule development in a wild-type background. To our knowledge, it has not been shown that DMI3 gain-of-function mutants are able to induce nodulation in the absence of DMI2 or HMGR1. Although the requirement of both DMI3 and NORK-HMGR1 activities for cytokinin production seems unexpected, this hypothesis cannot be excluded.
Besides being part of the early signaling pathway operative in root hairs, NORK is also involved in later stages of nodule formation and, more precisely, in controlling the endocytotic uptake of rhizobia from infection threads into host cells (Capoen et al., 2005; Limpens et al., 2005) . Endocytosis in plant cells is still poorly understood (Battey et al., 1999) . The relationships between the endocytotic uptake of rhizobia and other endocytotic processes are unknown. In mammalian cells, where endocytosis is far better described, this process requires steroids and cholesterol in specialized membrane microdomains named lipid rafts (Heese-Peck et al., 2002; Thomsen et al., 2002; Pichler and Riezman, 2004) . Such lipid rafts play an essential role in endocytosis but also in signaling processes and cytoskeleton organization (Funatsu et al., 2000; Brdickova et al., 2001) . The presence of lipid rafts in the plasma membrane of M. truncatula has been demonstrated recently, and these structures were found to be associated with a complete redox system at the plasma membrane level (Lefebvre et al., 2007) . Mammalian pathogens, including Brucella species, which are closely related to rhizobia and whose uptake and intracellular life have common features with rhizobia in legume nodules (Batut et al., 2004) , often hijack the cholesterol-dependent endocytotic pathway for their uptake into host cells (Gatfield and Pieters, 2000; Shin et al., 2000; Mañ es et al., 2003; Batut et al., 2004 ). Thus, a second possible function of NORK-HMGR1 could be to direct a metabolic complex for steroid synthesis in the membrane of infection threads and thereby promoting locally the production and accumulation of steroid compounds that then mediates endocytotic uptake of the rhizobia from the infection threads ( Figure 7B ). However, the significant decrease in nodule number of RNAi roots suggests a role for NORK-HMGR1 at an earlier stage than rhizobial release from infection threads. Possibly the NORK-HMGR complex is active at the stage of root hair infection, when rhizobia, entrapped in a root hair curl, induce an invagination of the plasma membrane to initiate infection thread growth ( Figure 7B ).
In animals, inactivation of HMGR has profound effects on development and cell differentiation because of its effect on protein isoprenylation. Loss of HMGR activity, by mutation or pharmacologically, leads to the absence of farnesyl or geranylgeranyl posttranslational modifications and consequently mislocalization of important signaling proteins, such as small G-proteins involved in development. These lipid modifications are needed for membrane anchoring of these proteins and thus for their proper subcellular localization (Van Doren et al., 1998; Santos and Lehmann, 2004; Thorpe et al., 2004; Yi et al., 2006; D'Amico et al., 2007) . Protein farnesylation and geranylgeranylation is also conserved in plants and is known to affect the subcellular localization and functioning of signaling proteins, such as ROP/RAC small G-proteins, transcription factors, cell cycle regulators, and others (Yalovsky et al., 1999 (Yalovsky et al., , 2000 Crowell, 2000; Lavy et al., 2002; Gruissem, 2003, 2006) . NORK could act as a scaffold attracting HMGR and other enzymes of the protein isoprenylation pathway to engage signaling proteins locally in a Nod factor signaling complex ( Figure 7B) .
Finally, the production of isoprenoid compounds could assure the signaling between the plasma membrane-localized NORK and the nuclear-localized DMI1 protein (Riely et al., 2007) ( Figure  7B ). Based on homologies with bacterial ion channels (such as MthK), DMI1 is predicted to be a nuclear ion channel, and its activity may be regulated by calcium, NAD, or other unknown ligands (Ané et al., 2004; Riely et al., 2007) . The presence of a complete redox system in M. truncatula lipid rafts (Lefebvre et al., 2007) suggests that redox signals and NAD production could be the missing link between NORK and DMI1 and more generally between the site of Nod factor perception and nuclear calcium spikes. It is also possible that DMI1 ligands may derive from the mevalonate pathway, which would provide a direct connection between DMI1 and HMGR activities.
To elucidate the mode of action of HMGR1, more information is needed about the different branches of the mevalonate pathway and the end products produced by the different HMGR isoforms. In addition, the step in nodule formation and Nod factor signaling that is affected by HMGR1 must be defined more precisely.
METHODS
Nodulation Assays
Medicago truncatula ecotype Jemalong (line A17) and ecotype R108 were used for nodulation assays. Seeds were immersed for 4 min in pure H 2 SO 4 for scarification and sterilized with 8% (w/v) calcium hypochlorite 12 of 16
The Plant Cell solution for 20 min. Seeds were then placed for 3 d at 48C in the dark and germinated overnight at room temperature in the dark. Freshly germinated seedlings were transferred to square plates containing BNM nodulation growth medium (Ehrhardt et al., 1992) . Eight seedlings were placed per plate and the lower part of the plate was wrapped in aluminum foil to keep the roots in the dark. The plates were placed vertically in a growth room at 248C in 16-h-light/8-h-dark cycle conditions. After 2 d of growth, the plants were transferred to fresh BNM plates containing lovastatin at the final concentrations as indicated in Figure 5 . The 12.5 mM lovastatin (Sigma-Aldrich) stock solution was prepared freshly in ethanolic NaOH (15% [v/v] ethanol and 0.25% [w/v] NaOH) and incubated at 608C for 1 h for hydrolyzing the lactone ring. After 1 d of growth on lovastatin-containing plates, the roots of the plants were inoculated with Sinorhizobium meliloti Sm1021 that was grown overnight in TA liquid medium (1% tryptone, 0.1% yeast extract, 0.5% NaCl, 1 mM MgSO 4 , and 1 mM CaCl 2 ) at 308C with 150 rpm up to OD 600 % 1.0 and then washed twice with distilled water and resuspended in water at OD 600 % 0.05. The number of lateral roots and the number of nodules were counted at different times as indicated in Figure 5 . For measurement of the length of the main root, the growth path of the root was indicated on the Petri dish with a pencil and scanned and measured with Adobe Photoshop 7.0 tools.
Y2H Screening and Pairwise Assays
For the Y2H screenings and pairwise interactions, bait constructs were cloned in the vector pBD-GAL4 (Stratagene). The bait sequences for the Mt NORK genes and homologous kinases were obtained by PCR amplification of root or nodule cDNA using oligos with EcoRI and XhoI linkers for cloning in pBD-GAL4. Truncated versions of NORK-IC (NORK-ICD1 and NORK-ICD2) were generated with restriction enzymes. The Y2H cDNA library in pAD-GAL4 was made of young nodules and roots of M. truncatula line R108 (Gyö rgyey et al., 2000) . The truncated forms of Mt HMGR1DN, HMGR1DNDC1, and HMGR1DNDC2 were created by PCR coupled with oligos for restriction enzyme cloning. Screening was performed according the manufacturer's procedure (Stratagene). Colonies were collected and plated on SD-WLHA medium. Similar transformation and selection procedures were used for direct interaction studies.
Transfection of Arabidopsis Protoplasts and Protein Extraction
For transient expression of proteins, HMGR1DN, NORK-IC, and GFP were cloned under the control of the 35S promoter in the pRT104 vector (Topfer et al., 1987) and tagged with the HA or c-Myc epitopes. A cell suspension culture derived from Arabidopsis thaliana ecotype Columbia seedlings was grown in Murashige and Skoog (MS) complete liquid media containing sucrose (30 g/L), kinetin (14 mg/L), and 2,4-D at 238C with 135 rpm shaking under continuous light and weekly subcultured (15 mL of culture in 85 mL of fresh medium). Forty milliliters of a 5-d-old cell suspension were treated with cell wall digestion solution (0.1 g/mL of cellulase Serva R10, 0.02 g/mL of macerozyme Yakult, 4.13 g/L of MS, 0.34 M glucose, and 0.34 M mannitol, pH 5.5) overnight at room temperature in the dark. Cells were centrifuged and the pellet was washed with culturing medium (4.13 g/L of MS, 0.34 M glucose, and 0.34 M mannitol, pH 5.5). Protoplasts were then separated from the debris using a density gradient (4.13 g/L MS and 30 g/L sucrose, pH 5.5) coupled to centrifugation. For each transformation, 15 mg of plasmid DNA was added to 10 6 protoplasts, and transformation was performed by 20 min of incubation with polyethylene glycol solution (25% [w/v] PEG 6000, 0.45 M mannitol, and 0.1 M calcium nitrate, pH 9) in the dark. Finally, protoplasts were rinsed with 0.275 M Ca(NO 3 ) 2 and incubated overnight in the dark in the culturing medium. Protoplasts were then pelleted and resuspended in extraction buffer (25 mM Tris-HCl, pH 7.7, 10 mM MgCl 2 , 75 mM NaCl, 15 mM b-glycerophosphate, 0.1% Tween 20, 10% glycerol, 1 mM DTT, 1 mM NaF, 0.5 mM NaVO 3 , and 0.5 mM PMSF), vortexed, and frozen in liquid nitrogen. Soluble proteins were separated from the debris by centrifugation at 48C.
Coimmunoprecipitation and Protein Gel Blot Analysis
For each coimmunoprecipitation reaction, 300 mL of total protein extract at 5 mg/mL were mixed to 500 ng of rat anti-HA antibody (clone 3F10; Roche) and 80 mL of magnetic micro beads bound to G-protein (MACS Protein G Microbeads; Amersham). The mixture was agitated overnight at 48C. Coimmunoprecipitations were performed on MACS columns (Amersham) as suggested by the manufacturer. The different protein fractions were separated on 10% SDS-PAGE in electrophoresis buffer (25 mM Tris-HCl, pH 8.3, 250 mM glycine, and 0.1% SDS) and then transferred to PVDF membranes (Amersham) in transfer buffer (48 mM Tris-HCl, pH 8.3, 39 mM glycine, and 20% ethanol). Membranes were then saturated with blocking solution (50 mM Tris-HCl, pH 7.4, 25 mM NaCl, 25 mM KCl, 0.05% Tween 20, and 5% defatted milk powder). The mouse anti-HA antibody (12CA5; Boehringer Mannheim) or mouse anti-c-Myc antibody (9E10; Boehringer-Mannheim) were applied at 0.08 mg/mL into the blocking solution overnight with slow shaking at 48C. Secondary sheep antibody coupled to horseradish peroxidase (IgG anti-mouse A-5906; Sigma-Aldrich) was diluted 1:30,000 into the blocking solution and applied to the membrane. Chemoluminescence was finally detected with the commercial ECL detection kit (Amersham).
Subcellular Localization of Mt HMGR1 in Arabidopsis Protoplasts
The full-length Mt HMGR1 open reading frame, fused to the YFP open reading frame, was cloned in pRT104 under the control of 35S promoter. The fusion protein was transiently expressed in Arabidopsis protoplasts as described above. Three days after transfection, protoplasts were observed by confocal microscopy.
RT-PCR and in Situ Hybridization
In three independent experiments, total RNA was isolated from M. truncatula (Jemalong) roots, nodules, leaves, stems, and flowers by the RNeasy plant mini kit (Qiagen) for cDNA synthesis. To remove traces of genomic DNA, equal amounts of total RNA were treated with DNase (FPLC pure; Amersham) that was subsequently heat inactivated. cDNAs were synthesized by retrotranscription in the presence of Powerscript reverse transcriptase (Clontech), RNase inhibitor (RNasin; Promega), and oligo(dT) primers. Diluted fractions were used in PCR (EUROBIO TAQ polymerase). HMGR and NORK cDNAs were amplified in 35 cycles (948C for 30 s, 558C for 30 s, and 728C for 1 min). Mtc27 constitutive marker was amplified in 25 cycles. PCR products were analyzed by the Fisher Scientific Bioblock gel documentation system. In situ hybridizations were performed according to de Almeida Engler et al. (2001) . DIG-labeled specific antisense or sense riboprobes were generated for Mt HMGR1 (226 bp from the 59 untranslated region) and for Mt NORK (381-bp fragment). Hybridization signals were revealed with DIG antibodies and alkaline phosphatase-conjugated secondary antibodies. Signals were observed with a light microscope and CCD camera.
RNAi
The 59 untranslated region with a short part of the coding region was amplified from Mt HMGR1, resulting in a 226-bp PCR fragment (same fragment as for the in situ hybridization). As a control, the corresponding fragment was amplified from Mt HMGR4, generating a PCR product of 158 bp. The PCR products were first cloned in pENTR/D TOPO (Invitrogen). LR recombination was performed with the modified pK7GWIWG2(II) binary vector containing the constitutively expressed fluorescent DsRED1 marker (Limpens et al., 2004) . Agrobacterium rhizogenes MSU440 was transformed with these constructs and the empty vector. A. rhizogenesmediated hairy root transformation was done according to BoissonDernier et al. (2001) . DsRED1 fluorescence in the roots was observed with confocal microscopy.
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